The in vivo repair processes of Alteromonas espejiana, the host for bacteriophage PM2, were characterized, and UV-and methyl methanesulfonate (MMS) The double-stranded supercoiled DNA isolated from bacteriophage PM2 is routinely used as a probe for damages produced by DNA-reactive agents. The biological consequences of several classes of damage produced by ionizing radiation have been assessed in PM2 (28, 39), as have DNA damages produced by chemotherapeutic agents (17, 24). Since PM2 is a lipid-containing bacteriophage (5), it has also been studied as a model for membrane biogenesis (for a review, see reference 7) and may be useful for studying membrane-mediated DNA damage. Although PM2 DNA has been useful for measuring the effects of DNA-reactive agents, the correlation between specific DNA defects and their repair has thus far not been possible because host repair-defective mutants have not been available.
The double-stranded supercoiled DNA isolated from bacteriophage PM2 is routinely used as a probe for damages produced by DNA-reactive agents. The biological consequences of several classes of damage produced by ionizing radiation have been assessed in PM2 (28, 39) , as have DNA damages produced by chemotherapeutic agents (17, 24) . Since PM2 is a lipid-containing bacteriophage (5) , it has also been studied as a model for membrane biogenesis (for a review, see reference 7) and may be useful for studying membrane-mediated DNA damage. Although PM2 DNA has been useful for measuring the effects of DNA-reactive agents, the correlation between specific DNA defects and their repair has thus far not been possible because host repair-defective mutants have not been available.
Alteromonas espejiana Bal3l was isolated by Espejo and Canelo (6) from samples of seawater taken from a terrestrially polluted bay off the coast of Chile. The bacterium is a strict aerobe, is psychrophilic, and requires NaCl for optimal growth (6) . Although A. espejiana Bal3l is well characterized morphologically, there has been little genetic characterization of this organism.
To better understand the general nature of DNA repair processes, as well as to provide suitable host mutants for the rapid and economical PM2 DNA test system for detecting DNA damage, we have undertaken a study of DNA repair in A. espejiana. In this paper we report the isolation and characterization of UV-and methyl methanesulfonate (MMS)-sensitive mutants of A. espejiana and compare the properties of these mutants with those of wild-type A. espejiana as well as with those of well-studied bacterial genera.
MATERIALS AND METHODS
Bacteria and bacteriophages. A. espejiana Bal31, ly called Pseudomonas Bal (3, 6) , and wild-type PM2 phage * Corresponding author. were obtained from H. B. Gray, Jr. The temperaturesensitive PM2 mutants ts48 and ts75 (1) were obtained from E. Canelo.
All strains of A. espejiana Bal3l were kept on slants containing artificial marine salts 4 (AMS-4) medium plus 2% Bacto-Agar (Difco Laboratories, Detroit, Mich.). Cultures were passed once a month onto fresh slants and tested for UV and X-ray sensitivity before use. For experimental protocols, unless otherwise stated, log-phase cultures of A. espejiana were prepared by diluting a stationary-phase culture grown in AMS-4 medium 1:10 into fresh AMS-4 medium and incubating it at 26°C with aeration to a concentration of 5 x i08 bacteria per ml. Bacteria were washed and concentrated by centrifugation in a Sorvall SS-34 rotor at 7,710 x g at 4°C for 10 min.
Lysates of wild-type PM2 were prepared as described previously (41) and stored in NTE (NaCl, Tris, EDTA) buffer. Lysates of temperature-sensitive PM2 mutants were prepared as described for the wild type except that they were incubated at 20 rather than 26°C. PM2 PFU were assayed by the method of Franklin et al. (8) . Temperature-sensitive PM2 mutants were assayed by the same procedure, except that Bal bottom agar plates were incubated at 20°C (permissive temperature) or 30°C (nonpermissive temperature). The reversion frequency was defined as the ratio of survival at 30°C to that at 20°C.
Media and buffers. AMS-4 medium, Bal broth, Bal top layer agar, and Bal bottom agar were prepared as previously described (8) .
TBS (Tris-buffered salts) medium contained (per 950 ml): 0.7 g of KCl, 1.1 g of NH4Cl, 9.9 g of MgCl2 -6H20, 26 Log-phase bacterial cultures (3 ml) were UV irradiated. The bacteria were centrifuged, suspended in 3 ml of Bal broth, and incubated at 26°C in the dark with aeration for 60 min. Previously UV-irradiated PM2 phage (100 RIl) were added to each 3-ml sample of bacteria, and incubation was continued for 9 min to allow adsorption. The cultures were then centrifuged for 5 min to remove unadsorbed phage. The pellets were suspended in 1 ml of cold TBS medium and appropriately diluted into Bal broth, and infective centers were assayed as described above. The reactivation factor was defined as the ratio of PFU on the unirradiated host to PFU on the irradiated host.
X-ray inactivation. Log-phase cultures were centrifuged, suspended at the same concentration in TBS medium, and incubated for 20 min at 26°C with aeration. The bacteria were saturated with either moist oxygen or nitrogen and irradiated in 700-,ul aliquots with stirring at room temperature. To achieve saturation, the bacterial cultures were gassed with moist oxygen or nitrogen for 20 min before irradiation, and the moist gas was continuously passed over them during irradiation.
The effectiveness of oxygenation and deoxygenation was checked by irradiating Escherichia coli and bacteriophage T4 gassed in the same way. The radiation sensitivity of E. coli cells was increased severalfold by oxygen, as has been reported previously (reviewed in reference 18) , and the radiation sensitivity of T4 was reduced about 1.3-fold, also consistent with previous qbservations (40).
Bacteria were irradiated at 60 kVp (kilovolt peak), 5 mA, with a Philips X-ray source having a Machlett tube with a beryllium window. The dose rate, determined by using T4 phage as a dosimeter, was 24.7 krad/min. X-ray HCR. PM2 phage stored in NTE buffer were diluted into cold 10x citrate broth to a final concentration of 2 x 108 PFUl/ml. The phage were irradiated at 60 kVp, 20 mA, at a dose rate of 90 krad/min. The phage were saturated with either moist oxygen or moist nitrogen and irradiated in 700-RI1 aliquots with stirring at room temperature. To achieve saturation, the phage solution was gassed for 30 min on ice before irradiation, and the moist gas was continuously passed over the phage during irradiation. The gas was not bubbled through the phage suspension because this inactivated the phage. Saturation of phage with oxygen or nitrogen without bubbling did not by itself reduce phage infectivity.
Recombination between X-irradiated temperature-sensitive PM2 mutants. PM2 mutants ts48 and ts75 stored in NTE buffer were each diluted into NTE buffer to a final concentration of 3 x 1010 PFU/mI. A 700-,ul portion of each phage suspension was irradiated in air at room temperature at 90 krad/min, and each 700-,ud phage suspension received a total dose of 180 krad. After X irradiation, the phage were kept on ice.
Bacteria were grown to a concentration of 4 x 108 per ml, and 2 ml of this culture was put into each of three separate screw-top tubes. ts48 was added to one tube at a multiplicity of infection (MOI) of 5; ts75 was added to another tube at an MOI of 5; and ts48 and ts75 were both added to a third tube at a combined MOI of 5. The tubes were incubated -with shaking at 20°C for 9 min and then centrifuged to remove unadsorbed phage. The pellets were resuspended in 1 ml of cold TBS medium, appropriately diluted into Bal broth, and infective centers were assayed at 20°C (permissive temperature) and 30°C (nonpermissive temperature).
Recombination frequency was taken as the ratio of plaques formed from the mixed infection (ts48 plus ts75) at 30°C compared with the number at 20°C. The single infections served as controls. In all experiments there was at least a 100-fold difference between the numbers at 30 versus 20°C for single versus mixed infections.
MMS sensitivity. MMS sensitivity was determined by the replica plate technique. Log-phase bacterial cultures were appropriately diluted into Bal broth and plated on Bal bottom agar plates for single colony isolation. For master plates, single colonies were patched onto Bal bottom agar plates and incubated overnight. The next day, fresh Bal bottom agar plates were made. MMS at the appropriate concentration was added to the warm Bal bottom agar and mixed in vigorously before the agar was poured. Control plates without MMS were poured from the same Bal bottom agar preparation. The plates were used 5 h after being poured. Each master plate was replicated onto an MMScontaining Bal bottom agar plate and a control plate. The plates were incubated overnight, and growth on MMS plates was compared with that on control plates.
Thymine dimer excision. An overnight culture of A. espejiana was subcultured into fresh AMS-4 medium minus thymidine, and 1.5 ,u1 of [3H]thymidine ( incubated until it reached log phase, wdshed twice in AMS-4 medium containing cold thymidine, and incubated in AMS-4 medium containing cold thymidine for 30 min to deplete intracellular pools of [3H]thymidine. The bacteria were then chilled and UV irradiated on ice with stirring to a fluence of 70 J/m2. After irradiation or post-irradiation incubation, the DNA was extracted as described by Schleif and Wensink (33) . Acid hydrolysis and thin-layer chromatography were then performed (11) .
Thymine dimer DNA glycosylase activity was assayed by the photoreversal method (31 (24) . Cell supernatants containing Bal31 nuclease were prepared by the procedure of Gray et al. (12) .
RESULTS
Isolation of UV-sensitive mutants. We mutagenized cultures of A. espejiana Bal3l with ethyl methanesulfonate and screened 10,000 clones for UV sensitivity. This procedure yielded six isolates that exhibited different degrees of UV sensitivity (Fig. 1) . The mean lethal dose for the wild type was 42.5 J/m2 (Table 1) , and the relative sensitivities of the mutants (numbered in order of increasing sensitivity) were 1.3-fold for UV-1, 1.5-fold for UV-2, 2.6-fold for UV-3, 5.1-fold for UV-4, 11-fold for UV-5, and 28-fold for UV-6.
The X-ray inactivation of wild-type A. espejiana and the UV-sensitive mutants was then determined. The mean lethal dose for wild-type cells irradiated in oxygen was 3.4 krad, and in nitrogen it was 7.1 krad (Fig. 2) . The X-ray sensitivities of the UV-sensitive mutants were the same as that of the wild type (Table 1) , and like the wild-type, the mutants exhibited a two-to threefold oxygen enhancement ratio.
Isolation of MMS-sensitive mutants. Three MMS-sensitive mutants of A. espejiana Bal31 were isolated by screening 6,000 nitrosoguanidine-mutagenized clones for MMS sensitivity. In contrast to the UV-sensitive mutants, these MMS- (Fig. 2) . When X irradiated in nitrogen, these mutants were approximately threefold more sensitive than the wild type. The MMS mutants did not, however, show the same threefold increase in sensitivity when they were X irradiated under oxygen. Under these conditions, the MMS mutants were 1.6-to 1.9-fold more sensitive than the wild type, the oxygen enhancement ratios being 1.5-, 1.2-, and 1.2-fold, respectively, for the three MMS-sensitive strains. These rates differ from the twofold oxygen enhancement ratio observed with the wild type and the UV-sensitive mutants (Table 1 ). All three MMS mutants had similar X-ray sensitivities when irradiated under either oxygen or nitrogen.
The degree of MMS sensitivity of these mutants was then compared with that of the wild type (Table 1) . MMS-1 and MMS-2 were 18-fold more sensitive to MMS than was the wild type, whereas MMS-3 was 9-fold more sensitive. Although strains UV-1, UV-2, UV-3, and UV-4 were not X-ray sensitive, they were slightly more sensitive to MMS than the wild type was (Table 1) . Strains UV-5 and UV-6 were not sensitive to MMS compared with the wild type.
The MMS-sensitive mutants were tested for UV sensitivity (Fig. 3) . Strains MMS-1, MMS-2, and MMS-3 were about 10.5-fold more sensitive than the wild type to UV inactivation and were about as sensitive as strain UV-5 was, although UV-5 was not X-ray or MMS sensitive (Table 1) .
On the basis of UV, X-ray, and MMS sensitivity, the UVand MMS-sensitive mutants can be divided into three groups. Strains UV-5 and UV-6 constituted one group that was UV sensitive but not sensitive to X rays or MMS. Strains UV-1, UV-2, UV-3, and UV-4 constituted a second group that was sensitive to UV and MMS but not to X rays. t The third group, which included strains MMS-1, MMS-2, and MMS-3, was sensitive to UV, MMS, and X rays. Photoreactivation. Both the wild-type and mutant strains of A. espejiana were able to perform photoenzymatic repair. The photoreactivable sectors ranged from 0.75 to 0.85 for the wild-type, UV-1, UV-2, and UV-3 strains and 0.85 to 0.95 for strains UV-4, UV-5, UV-6, MMS-1, MMS-2, and MMS-3 (data not shown).
Excision repair of thymine dimers. Within 30 min of irradiation, the wild-type A. espejiana strain removed 73% of the dimers from its DNA, with a loss of only 7% of the total DNA (Fig. 4) . The specific removal of thymine-containing dimers took place during the initial 30-min period. During a further 90 min of incubation, an additional 19% of the dimers were removed, but this appeared to be nonspedific, as there was a concomitant loss of 13% of the total DNA.
The UV-sensitive mutants UV-5 and UV-6 were unable to remove thymine-containing dimers from their DNA (Fig. 4) . The 5% loss of thymine-containing dimers appeared to be nonspecific, since there was a corresponding loss of total DNA (data not shown).
In similar experiments, we showed that strains UV-1, UV-2, UV-3, UV-4, and MMS-1 all excised thymine-containing dimers from their cellular DNA, although to a slightly lesser extent than the wild type did (Table 1 ). After 30 min of postirradiation incubation during which the wild type removed 73% of the dimers from its DNA, these other mutants removed 60 to 68% of the thymine-containing dimers from their DNA. Thus, strains UV-5 and UV-6.appear to be the only mutants isolated that contain a mutatin affecting the excision of pyrimidine dimers.
There are two types of enzymes that can perform the first step leading to the removal of pyrimidine dimers. The first, a thymine dimer-DNA N-glycosylase, has been isolated from T4-infected E. coli cells (30, 34) and Micrococcus luteus cells (16) . The second, a complex endonuclease, has been characterized in E. coli (35) and is coded for by the uvrA, B, and C genes. In addition to pyrimidine dimers, the Uvr enzyme complex recognizes helical distortions that result from crosslinking agents as well as from a variety of DNA-reactive To distinguish between these two possibilities in A. espejiana, we first assayed for thymine dimer-DNA N-glycosylase activity by the photoreversal procedure of Radany and Friedberg (31). After photoreversal there was no release of free thymine from acid-soluble fractions containing excised dimers, suggesting that an active thymine dimer-DNA Nglycosylase was not present in A. espejiana cells (data not shown).
If A. espejiana does use an excision repair system analogous to the Uvr system of E. coli, then strains UV-5 and UV-6 should be more sensitive than wild-type A. espejiana to inactivation by agents other than UV, such as psoralen plus near-UV light. Strain UV-5 was 2.5-fold and strain UV-6 was 5.4-fold more sensitive than the wild type to these agents (Fig. 5) . These results suggest that A. espejiana uses the same pathway for excision of thymine dimers as for psoralen cross-links and that the enzymatic mechanism is similar to that observed in E. coli.
HCR. In E. coli, cellular excision repair enzymes are capable of repairing damages in certain infecting phages (19) . HCR of UV-irradiated bacteriophages is reduced in E. coli strains that are unable to undergo excision repair (hcr-) (19, 29). However, recombination repair appears to play a minor, if any, role (20, 29) . The survival of UV-irradiated PM2 plated on wild-type A. espejiana and each of the mutant isolates was determined. PM2 was 3.2-and 12-fold more sensitive to inactivation by UV light on strains UV-5 and UV-6, respectively, than on the wild type (Fig. 6) (Fig. 7) . PM2 phage X-irradiated under nitrogen or oxygen showed the same relative survival on wild-type A. espejiana and mutant UV-1, UV-2, UV-3, UV-4, MMS-1, MMS-2, and MMS-3 cells (Table 1) .
Recombination. Recombination between phages is low, but it can be stimulated by slightly damaging the phage before infection (1) . The frequency of recombination between undamaged temperature-sensitive PM2 bacteriophage in wild-type A. espejiana cells was 1.8 x 10-3, but when the phage were X irradiated at the 37% survival dose before coinfection, the recombination frequency increased nearly 100-fold to 0.16. irradiated at 180 krad and then singly or coinfected into a host. The number of PFU at 20 and 30°C was compared (Table 1 ). The recombination frequencies between X-irradiated temperature-sensitive PM2 phages in UV-4 cells and in the three MMS mutants were 10% or less of those observed in the wild type; the recombination frequency between these phages in UV-3 cells was 50% that observed in the wild type. The recombination frequencies in UV-1, UV-2, and UV-5 cells were only slightly below the levels observed in the wild type, and the recombination frequency in strain UV-6 was 1.3-fold greater than that observed in the wild type. These data indicate that strains UV-3, UV-4, MMS-1, MMS-2, and MMS-3 are recombination deficient. However, phage recombination was observed in UV-3 cells at a frequency considerably greater than that in UV-4, MMS-1, MMS-2, and MMS-3 cells.
Liquid holding recovery. Holding UV-irradiated E. coli cells in nonnutrient liquid medium before plating on solid nutrient medium results in an enhancement of survival over cells plated immediately after irradiation (32) . Genetic (10, 15) and biochemical evidence (38) supports the idea that the major repair process that occurs in E. coli during liquid holding is Uvr+-dependent excision repair. However, Ganesan and Smith (9) showed that the detection of LHR also requires the presence of a rec mutation.
The wild-type, UV-1, UV-5, and UV-6 strains did not show liquid holding recovery (Fig. 8) . In the wild-type and UV-1 strains, this can be explained by the presence of functional excision and recombinational repair pathways. In strains UV-5 and UV-6, the lack of liquid holding recovery may be due to the absence of excision repair. Strains UV-2, UV-3, UV-4, MMS-1, MMS-2, and MMS-3 showed liquid holding recovery. These data provide additional support that these mutants are excision repair proficient but defective in some aspect of recombination repair.
Thus, the rec-A. espejiana mutants fall into two separate groups. One group, comprising strains UV-2, UV-3, and UV-4, is not sensitive to X rays, whereas the other group, comprising strains MMS-1, MMS-2, and MMS-3, is X-ray sensitive.
Inducible repair. The increase in survival of certain UVirradiated bacteriophage that is observed in hosts irradiated with low fluences of UV light before infection (Weigle reactivation) provides one of the principal pieces of biological evidence supporting the concept of an inducible repair system (42) . In E. coli and Bacillus subtilis, this system is dependent on the recA protein (42, 43) .
Both wild-type A. espejiana and the isolated mutant strains were tested for their ability to perform Weigle reactivation of PM2 bacteriophage (Fig. 9) . The results indicate that both the wild-type and the UV-sensitive mutant strains have an inducible repair system. The maximum reactivation factor ([PM2 survival on unirradiated host]/PM2 survival on irradiated host]) for wild-type A. espejiana cells was 3.5. None of the UV-sensitive mutants had a reactivation factor equal to that of wild type, and there did not appear to be any correlation between the extent of Weigle reactivation and the repair phenotypes of the UV-sensitive mutants. The MMS-sensitive mutants did not show Weigle reactivation, indicating that they are deficient in some aspect of inducible repair.
Bal31 nuclease activity. In addition to characterizing the repair phenotypes of wild-type A. espejiana and the isolated mutant strains, we also assayed all strains for production of A. espejiana mutant strains UV-5 and UV-6 were unable to excise thymine dimers (Fig. 4) , were more sensitive to inactivation by psoralen plus near-UV light (Fig. 5) , and were less able to reactivate UV-irradiated PM2 (Fig. 6 ) than the wild type was. The repair phenotypes of strains UV-5 and UV-6 are similar to those observed for excision repairdefective mutants of E. coli (19) , B. subtilis (14, 43) , and Haemophilus influenzae (37) . The relative UV sensitivities of the various mutants of these organisms range from 10-to 30-fold, similar to A. espejiana strains UV-5 and UV-6, respectively, and none of the excision-defective mutants from any of the organisms are sensitive to X rays.
Strains UV-5 and UV-6 were different from each other in sensitivity to inactivation by UV light and psoralen, as well as in their ability to reactivate UV-and X-irradiated PM2. These results suggest that these two mutants may have mutations in different genes involved in excision repair, although confirmation of this will require further genetic studies.
A. espejiana strains UV-2, UV-3, UV-4, and the MMS mutants showed wild-type ability to reactivate UV-and Xirradiated PM2 and to excise thymine dimers from cellular DNA. However, they showed reduced (UV-2 and UV-3) or almost no (UV-4 and MMS mutants) ability to support recombination between X-irradiated PM2 phages (Table 1) and were sensitive to MMS. These results, as well as the ability of these mutants to undergo liquid holding recovery (Fig. 8) , suggest that they have an excision proficient, recombination deficient genotype.
Strains UV-2, UV-3, and UV-4 were not sensitive to X rays, exhibited Weigle reactivation, and were much less sensitive to MMS than were strains MMS-1, MMS-2, and MMS-3, and thus were phenotypically distinguishable from the MMS mutants. A. espejiana strains UV-2, UV-3, and UV-4 were phenotypically different not only from the recombination-deficient mutants of E. coli, but also from those of B. subtilis and H. influenzae. No recombination-deficient mutants have been isolated from these organisms that exhibit MMS sensitivity without X-ray sensitivity. However, it should be pointed out that MMS and X-ray sensitivity have not always been simultaneously investigated in the various recombination-deficient mutants. The association of different recombination activities with various types of DNA damage is supported by observations in B. subtilis strains. The B. subtilis recombination-deficient mutants have been grouped into seven different classes, based on a number of phenotypic characteristics (25) . Not all of the classes of B. subtilis recombination-deficient mutants were assayed for UV and MMS as well as X-ray sensitivity, but for those classes that were none showed UV and MMS sensitivity without also showing X-ray sensitivity. Mazza et al. (25) also reported a class of rec mutants that are UV resistant but MMS and X-ray sensitive and another class that are recombination deficient but not sensitive to UV, MMS, or X rays. The existence of this latter class of mutants indicates that not all proteins involved with recombination are involved in recombination repair. A recombinationdeficient, repair-proficient strain of A. espejiana was not observed because our recombination-deficient mutants were isolated on the basis of UV or MMS sensitivity. H. influenzae recombination-deficient mutants are much like the E. coli rec mutants in that, with one exception, they exhibit UV, MMS, and X-ray sensitivity (36) . It appears that recombination and recombination repair involve separate as well as overlapping activities and that different activities of the recombination enzyme(s) may be responsible for repair of UV, MMS, and X-ray damages.
The fact that the A. espejiana MMS mutants are recombination deficient as well as MMS, X-ray, and UV sensitive suggests a similarity to E. coli recA, recB/C, recE, and recF mutants. The relative X-ray sensitivities of the MMS-sensitive mutants were similar to those of rec mutants of E. coli (21) , B. subtilis (13) , and H. influenzae (37) . The A. espejiana MMS mutants also lacked the ability to reactivate PM2 (Fig. 4) , a phenomenon observed in E. coli recA mutants. However, in E. coli, the umuC gene product is responsible for Weigle reactivation (4), and the umuC gene is under recA control. Therefore, in E. coli, it would be possible to have a mutant that is unable to perform Weigle reactivation but still has a functional recA gene product. In addition, umuC mutants exhibit slight UV sensitivity and recombination deficiency compared with wild-type E. coli (4, 22) ; however, there are no data on the X-ray sensitivity of umuC mutants. The A. espejiana MMS mutants could certainly have a umuC type mutation; however, their UV sensitivity and recombination deficiency, as well as their X-ray sensitivity, support a rec genotype for these mutants.
The repair phenotypes of wild-type A. espejiana strains are similar to those of other procaryotic organisms. In light of this observation, A. espejiana and PM2 phage compose a good biological system that can be used to complement other studies of DNA damage and repair. The isolation of repairdeficient mutants of A. espejiana increases the attractiveness of the PM2 system. In addition to the advantages of 
